ABSTRACT: The term jumpers knee for patella tendinitis, as coined by Dr. Martin Blazina, is now commonly referred to as tendinopathy. He believed it was associated with patella alta. Since then multiple studies have failed to reliably show an association between patella tendinopathy and associated intrinsic risk factors. There is, unfortunately, a well-established doctrine that the extensor mechanism is simply a pulley. The goal of the review is to examine the biomechanics of the extensor mechanism and apply this to studies investigating intrinsic risk factors for patella tendinopathy. A better understanding of the biomechanics of the extensor mechanism may stimulate the discovery of intrinsic risk factors for developing patella tendinopathy, and subsequent surgical options to address them. Clinical significance: The aim of this review is to direct future research into biomechanical risk factors for developing patella tendinopathy and subsequently, possible treatments. ß
Patella tendinopathy is an overuse condition largely affecting high level athletes involved in jumping sports. 1 The relatively poor clinical outcomes are reflected by the fact there is a multitude of treatment options for patella tendinopathy, this intuitively means that one cannot be vastly superior to another nor can one be truly effective. 2 The aim of this review is to correlate the extensor mechanism biomechanics with patella tendinopathy in the hope of directing future research and treatments to improve clinical outcomes.
ANATOMY
The extensor mechanism is responsible for extending the tibiofemoral joint. The term refers to the common linkage of the four converging quadriceps muscles into the quadriceps tendon attaching proximally to the patella bone, continued distally by the patella ligament or tendon to the tibial tuberosity. 3 The patella is a sesamoid bone and articulates with the trochlea of the femur, forming the patellofemoral joint-capable of 6 degrees of movement.
Confusion exists concerning nomenclature of the Patella tendon or patella ligament. Both have been used interchangeably as tendon and ligaments are thick closely packed collagenous bundles orientated parallel to the long axis of the structure. 4 Macroscopically, it can be argued to fit either definition. It connects the patella (bone) to the tibia (bone) which is the definition of a ligament (bone to bone connection). However, functionally the patella tendon connects the quadriceps muscle to the tibia bone, with the patella as a sesamoid bone within it. This is also the macroscopic definition of a tendon, which connects muscle to bone. From a histological and biochemical view it is a tendon as reported by Amiel and co-workers in 1983. When compared with the knee ligaments from a histological and biochemical view the connective tissue connecting the patella bone to the tibia more closely resembles tendon (Achilles) more so than ligament. Microscopically it is more hypocellular, containing longer spindleshaped fibrocytes which are more regularly arranged than ligaments (larger and rounder cells less regularly arranged). Biochemically the patella tendon had a higher collagen content, but a smaller percentage of type III collagen (5% for tendons vs. 10-12% for ligaments), less DNA, and glycosaminoglycan content, and a higher number of hydroxylysinonorleucine crosslinks relative to dihydroxylysinonorleucine (reverse for ligaments). 4 Therefore we will refer to it as the patella tendon.
The type I collagen forms the fascicles which are the subunits of tendon hierarchy. There are anatomical differences within the human patella tendon. The posterior fascicles, when compared to the anterior fascicles, have been shown to be smaller in diameter, shorter and have higher concentration of cross linked hydroxylysylpyridinoline 5 which reflects mature collagen crosslinks and a robust mechanical construct.
PATELLA TENDINOPATHY
Patella tendinopathy continues to be an area of interest ( Figure 1 ) for nearly 5 decades reflecting the search for better understanding of the pathology and need for improved clinical solutions.
Patella tendinopathy is an overuse condition affecting mostly athletes. It was initially described by Dr. Martin Blazina in 1973 is his description of jumper's knee. 6 While jumper's knee includes pain at the quadriceps insertion (25% of cases), distal pole of patella (65%), and the tibial tubercle insertion (10%), 7 the enthesiopathy of the patella tendon at the distal pole of the patella is the definition of patella tendinopathy (see Ã in Figure 2 ).
Originally described as tendinitis, histologically it lacks inflammation. 8, 9 The tendinopathy is characterized by microtearing of the tendon and local mucoid degeneration and fibrinoid necrosis, with loss of transition from the fibrocartilage to the mineralized fibrocartilage junction. Loss of alignment occurs as within the fibers as mucoid ground substance separates the normally parallel collagen bundles. There is increased cellularity due to the proliferation of fibroblasts and neovascularisation. 10 There is a lack of inflammatory cells and there is no increase in prostaglandin expression, signifying an absence of inflammation. 10, 11 Clinically patella tendinopathy is characterized by symptoms of specific anterior knee pain and tenderness localized at the distal pole of the patella. 6 The diagnosis is primarily clinical but is supported by imaging findings on ultrasound show thickening of the tendon and a characteristic heterogeneous echogenicity. 12 On MRI, blurry ligamentous margins and increased signal intensity within the patella tendon on both short and long TE sequences. X rays are done to exclude other pathologies such as Osgood-Schlatter 13, 14 and SindingLarsen-Johansson disease, 15 but do not show specific signs to patella tendinopathy. 16 There are two classification systems to grade severity. Historically, Blazina divided it into clinical phases 1 through 3. This gives a good qualitative description of the clinical progression of the disease. Phase 1 is pain post exercise, phase 2 is characterized by pain at the beginning and end of activity but is absent post "warm up," phase 3 is pain during and after activity. 6 Phase 4, later added by Roel, represents complete tendon rupture. 10 To better quantify severity and response to treatment, the Victorian Institute of Sport Assessment (VISA) scale is used. 17 Designed 1998 the VISA scale consists of a series of eight questions with a total score out of 100. Examples of mean scores, with associated standard deviation include; 95 þ 8 for asymptomatic individuals, 55 þ 12 for those with the disease participating in sport, 22 þ 17 for those requiring surgery with expected 6 and 12 month improvements of 49 þ 15 and 75 þ 17 points correspondingly. 17 Once affected by patella tendinopathy the prognosis is poor; Kettunen followed 36 athletes over a 15 year period. Of the 20 with patella tendinopathy, 53% were forced to retire from sport due to the condition. This is in comparison to 7% of control athletes retiring due to injury. Non operative management is the main form of treatment; this includes physiotherapy, load management, and injectables. Roughly 10% of patients require surgery. 19 This includes patients in stage 3 and 4. Surgery can be performed in an open fashion or arthroscopically. It consists of removal of the pathological portion of the tendon (labeled in Figure 1) , with or without drilling of the patella to stimulate new blood flow in an attempt to promote healing. 2, [20] [21] [22] [23] [24] [25] [26] [27] Case series report good results for surgery, generally in excess of 80% regardless of technique utilized, however a systematic review found that the reported level of successful outcomes was inversely proportional to the level of evidence. 28 Bahr and co-workers questioned the clinical effectiveness of surgery in 2006 with high level clinical evidence-with a randomized control trial showing no difference in outcomes between surgery and physiotherapy. 29 Given the poor clinical outcomes combined with a multitude of treatment options, this review article aims to outline how differences in the extensor mechanism biomechanics are linked to proposed risk factors for patella tendinopathy in the hope of guiding future research to advance treatment.
EXTENSOR MECHANISM BIOMECHANICS
The Latin translation of trochlea(e) is pulley. The patella was long viewed a pulley whose role was to change the direction of the quadriceps force, but not its magnitude, 30, 31 and an underestimation of its function can still be found today. [32] [33] [34] The patella cartilage, the thickest in the body, 35 makes the extensor mechanism a near frictionless system reducing coefficient of friction by having articular cartilage on articular cartilage (0.005-0.02) versus tendon on cartilage. 36 Kaufer's biomechanical cadaver study was an improvement in demonstrating the biomechanical effect of the patella thickness in increasing the moment arm of the extensor mechanism, thereby increasing the efficiency of the quadriceps. Patellectomy results in an increase of the force required from the quadriceps to achieve full extension compared to the normal knee by 130%. 37 Huberti 38 was the first to recognize the extensor mechanism was not a true pulley. In their cadaver model, they were able to demonstrate that the force between the patella and quadriceps tendon is not equal, and the ratio between the two changes with knee flexion. This ratio is greater than 1 from 0 to 45 degrees of flexion and then the patella and quadriceps tendon becomes less than one for degrees of flexion greater than 45 degrees. As seen in Figure 2 .
They stipulated that this was the result of changing the contact area within the patella. When viewed as a lever, the quadriceps tendon acts with a longer lever arm in extension giving it a mechanical advantage (Figure 2a) , where as in flexion the patella contact area with the femur moves to the proximal pole of the patella, giving the patella tendon a mechanical advantage by increasing it's relative lever arm (Figure 2b) . While the magnitude of stress in each tendon can change according to the applied quadriceps force, the ratio of the stress between the two tendons is constant for a given flexion angle. Whilst the reported ratios differ between papers, the principle has been confirmed in a number of further biomechanical cadaver and Finite Element Analyses. [39] [40] [41] There are location dependent morphological and biomechanical variations within ligaments and tendon. The ACL is the most studied ligament, it was the first to demonstrate location of orientation dependent properties. The ACL is known to experience greater loads to failure when loaded in the anatomical orientation maintaining its natural insertion angles compared with aligning to the axis of the tibia.
42, 43 The aim of the proceeding paragraphs will be to explore the biomechanical strain properties of the patella tendon and correlate these with suggested etiologies for patella tendinopathy.
A cadaver study performed by Almekinders 44 found the tensile strain decreased in the posterior proximal part of the patella tendon but increased in the anterior proximal portion of the tendon throughout flexion. Low quadriceps loads of 13-58N were applied. Almekinders et al concluded that stress shielding may be the pathogenesis for patella tendinopathy. However the patella tendon force was not reported and the stress was not actually calculated. In comparison the forthcoming biomechanical studies support the hypothesized pathogenesis of repetitive microtrauma caused by overload.
The morphological differences explained by Hansen from healthy patella tendons harvested as part of ACL reconstruction surgery translated to biomechanical differences with the anterior fibrils having a higher tensile load to failure and were stiffer than the shorter and smaller posterior fibrils which experienced greater strain. 5 Basso et al 45 applied higher loads of 1,000 N in their cadaver model than Almekinders 44 and found a significant difference between strain in the anterior and posterior bundles, with strain being higher in the posterior fibers and increasing between 60 and 90 degrees of flexion. The posterior fibers of the patella tendon are shorter than the anterior fibers, this anatomical relationship is in keeping with the posterior fibers experiencing a greater strain for a given applied force due to the relative difference in initial length compared to the anterior fibers.
PPTA is Patella-Patella Tendon Angle (Lavagnino et al), 46 it is the angle formed between the patella tendon and patella angle. This study built an FEA model and validated the model using cadaver tissue. A jig was utilized which removed the quadriceps tendon and the femur to isolate the amount and location of maximum strain and stress within the patella tendon (see Figure 3) . The location was at the superior and posterior part of the patella tendon-corresponding to the location of patella tendinopathy. The stress was found to be tensile rather than compressive-biomechanically eliminating a BIOMECHANICS OF PATELLA TENDINOPATHY: REVIEW compressive etiology to patella tendinopathy. As the PPTA decreased from 162˚to 145˚(corresponding to 0-60˚of knee flexion), the maximum point strain and the mean localized strain increased significantly within the posterior superior aspect of the tendon. The applied Force was up to 4250 N, again significantly higher than that applied by Almekinders, 44 like Basso 45 reflecting the load and range of motion occurring during jumping and landing. 47 Van Eijden came up with a series of nine non-linear equations which could be used to describe: (1) the position of patellar ligament, patella, and quadriceps tendon; (2) the contact point of the patellofemoral joint; and (3) the ratio between the patella tendon force: quadriceps force and the quadriceps force: patellofemoral joint contact force ratio for a given knee and flexion angle. 48, 49 The position of the patella changes between relaxation and contraction. Determing factors include it's individual and the femur's morphology, the position of the tibial tubercle relative to the femur, the length and position of the patella tendon and the quadriceps tendon.
The length of the patella tendon affects the patella tendon force, as it changes the patella contact position and the angle between the patella axis and the patella tendon (see Figure 4) . The individual contribution of a shorter tendon, while keeping these other parameters constant, has not been explored 50 but is thought to undergo higher amounts of strain for a applied Force, with greater stress within a smaller tendon. 45 Therefore it can be considered that the main determinants of the patella tendon force are the angle between the tendon and the patella axis and the location of the femoral contact point on the patella. The effect of the contact point predominates over the angle formed. 48 This relationship can be simplified through the equilibrium of moments. When the patella is viewed as a lever-for there to be an equilibrium of moments, the torques on either end of the patella have to be equal. Figure 5 demonstrates this relationship. Torque is equal to force multiplied by the perpendicular distance from the point of rotation (LA QT and LA PT ). Applied to a lever the torque is equal to the lever arm multiplied by the perpendicular force. When the lever arms formed by the distance from the articulation point (fulcrum) to the insertion point of the respective tendon are equal and the angle between the quadriceps/patella tendon and the perpendicular component of the force are equal, the system is in equilirum. Figure 5 demonstrates that as the patella moves distally the lever point will change and the lever arm for the patella tendon side becomes longer. Keeping the joint reaction force the same, and changing the lever arm ratio from 2:2 to 1:3, the torque required from the patella tendon is third the value required from the quadriceps.
The effect is also demonstrated of changing the tilt of the patella bone relative to the patella tendon. As the tilt of the patella bone aligns with the direction of the patella tendon force, the force required within the patella tendon to achieve the same torque increases. Torque is equal to the cosine of the angle u formed between the tendon and the moment force multiplied by the force in the patella tendon, for a constant distance from rotation (see Figure 5 ). As that angle, u approaches zero, the cosine u becomes 1, meaning the force required in the patella tendon is the same as the moment, as this angle approaches 90 degrees the force required in the patella tendon to produce the same torque approaches infinity, cosine 30 ¼ 0.87, cosine 60 ¼ 0.5 cosine 75 ¼ 0.25, cosine 85 ¼ 0.09. However as described earlier-the contribution of the angle is complicated by the inherent fibril anatomy and morphology, this alters how tendon orientation will dictate the strain pattern, and the required load to failure of a applied tensile force.
RISK FACTORS
Risk factors can be divided into extrinsic and intrinsic. Extrinsic account for the nature of the stimuli outside the athlete and intrinsic are somatic to the athlete/patient. Soslowsky has documented the contribution of each to supraspinatus tendinopathy in the rat, regardless of the intrinsic risk factors without the appropriate extrinsic risk factors-tendinopathy will not develop. 51, 52 While extrinsic risk factors have been proven for patella tendinopathy, identifying morphological intrinsic risk factors have proven elusive and we will explore the reasons for this.
Extrinsic
In keeping with the pathogenesis of repetitive overload causing micro trauma to the patella tendon, external stimuli to increase patella tendon load have been shown to increase the incidence of patella tendinopathy. Different sports have a higher incidence of patella tendinopathy, namely those requiring a lot of jumping. Lian et al in a cross sectional study found an prevalence of greater than 50% in basketball and volleyball players, between 20 and 30% for team handball, soccer, and ice hockey, where as there was a 0% prevalence in cyclists. 1 Further supporting the load aetiology is increased training load and harder training surfaces are generally accepted as being correlated with development of jumper's knee/patella tendinopathy, 53, 54 accepting there are some papers which disagree. 55 
Intrinsic
Blazina only ever made qualitative observations in his original case series. He noted the athlete was "usually tall" and had abnormalities of the extensor mechanismincluding-wasting hyper mobility, genu recurvatum, in (a, b, and c) . As a consequence of decreased L PT the proximal part of the patella will articulate with the femur, giving a long lever arm to the patella tendon and decreasing the force through it to achieve the same torque, even with an increased angle between the patella and patella tendon. QT ¼ Quadriceps tendon, L PT ¼ Length of Patella Tendon, LA QT ¼ Lever arm Quadriceps tendon, LA PT ¼ Lever arm Patella tendon. and valgus, patella alta in "certain cases" but never statistically analyzed or quantified this statement. On radiographic examination he noted an elongated inferior pole of the patella, patella alta, and chondromalacia "has been seen in some cases" and noted differences in the insertion of the patella tendon but "could not draw any specific conclusions as to the contribution of this particular method in the study of 'jumper's knee' ."
The first attempts to quantify a difference in incidence of abnormal patella morphology associated with patella tendinopathy was by Roel. Roel stated there was elongation of the inferior pole of the patella 1 out of 22 patients in the conservative group versus 4 of 10 in the group requiring surgery. Three of the 10 in the surgical group had a "high" patella (patella alta). No quantification or method of patella height measurement of this was given though. 10 Ferrati noted distal pole elongation in 9 of 125 patients. 7 Verheyden noted that the four patients who had a "poor" result (author defined scoring system) out of the 31 treated surgically, all had evidence of patellofemoral maltracking. This being patella tilt and subluxation, and suggested this should be addressed at the time of surgery. However they did not quantify or comment on any patellofemoral abnormalities, or lack of, in those who had a successful operation. 56 Ferretti performed proximal realignment (VMO advancement and lateral release) in those with concurrent patella femoral malalignment. They never qualitatively described what malalignment existed or quantified this further in their original description. 7 Ferretti however changed his viewed with time. In a case control series, statistical analysis of 26 patients with jumper's knee while extensor mechanism abnormalities were noted as listed above the incidence was not increased in comparison with 96 athletes who did not suffer from jumper's knee, leading him to conclude that intrinsic risk factors were not associated with the development of patella tendinopathy. 54 Tyler and co-workers 57 examined patella tilt in the sagittal plane with reference to the femoral axis in radiographs. Tyler and co-workers noted that there was differences in the degree of flexion of the lateral radiograph in the normal populations. The patella tilt was correlated with knee flexion-increasing with increased knee flexion. Tendinopathy patients had a reduced patella tilt relative to normal subjects. The authors did not explain why this would be an associated risk factor. Assuming there was no difference between the mean angle of the knee X-rays in the normal versus the patella tendinopathy patients (not stated in the paper), we hypothesize, according to Van Eijden, 48 that a reduced patella tilt angle would be the result of a patella which articulates with its distal pole for longer, resulting in an increased patella tendon to quadriceps tendon force ratio. This would predispose the patella tendinopathy patients to higher stress through their patella tendon.
A case control MRI paper dynamically looked at knees from 0 to 100 degrees of flexion; examining for a compressive etiology. They found no statistical difference in the shape of the patella, which was previously observed by other authors but never quantified (i.e., elongated distal pole) or the angle formed between the patella and patella tendon between groups. This is radiographic evidence that reaffirms Lavagnino's FEA and cadaver's results that patella tendinopathy is not due to a compressive etiology. 24 When reviewing factors outside the knee-a systematic review concluded that there was insufficient evidence to attribute age, body habitus-height, weight/BMI/skin folds to patella tendinopathy, however it was associated with limb length discrepancies and loss of the medial arch of the foot. 55 Witvrouw et al 58 performed the only prospective study done to evaluate the development of patella tendinopathy with time in an athletic population. At the onset of the study different parameters were measured. These included body proportions, anatomical morphology, muscle flexibility, and strength. Followed over a 2 year period 19 of the 138 athletes developed patella tendinopathy. Differences in hamstring and quadriceps flexibility were the only statistical differences. 58 
CONCLUSION WHAT IS UNKNOWN AND WHAT DO WE NEED TO KNOW MOVING FORWARD
There is a multitude of treatments for patella tendinopathy, this intuitively means that one cannot be vastly superior to another nor can one be truly effective.
Many believe the future to tendon injuries and tendinopathies lie in cell based therapy, 59 ,60 however attempts to repair tissue without altering the intrinsic biomechanical reason for failure can only lead to the return of symptoms.
If we consider the aetiology of patella tendinopathy to be repetitive overload causing microtears. Extrinsically as the external environment changes, most commonly via higher training loads in jumping associated sports, the incidence of patella tendinopathy increases. However, while all athletes/patients are exposed to the same external stimulus, not all athletes develop patella tendinopathy. As identified by Soslowsky in the pathogenesis of supraspinatus tendinopathy in the rat, 51, 52 there too must be some intrinsic risk factors which increase the susceptibility of certain individuals to develop patella tendinopathy.
Unfortunately, morphological intrinsic risk factors continue to be cited today 2 as a result of observations made in the 1970s which were never statistically quantified and in the case of Ferretti 54 later self-disproved. Attempts to identify intrinsic risk factors for patella tendinopathy have largely focused on applying what is known from patellofemoral dislocation to patella tendinopathy. Patella height is largely referenced with respect to the tibia, this has an indirect affect, maybe variable (not investigated) on what part of the patella articulates with the femur throughout flexion and an inconsistent effect on patella tendon biomechanics. Patella tilt, Q angle, tibial tubercle-trochlea groove distance may all affect how the patella tendon fibers are orientated for an applied quadriceps force. This could subsequently the strain with force within the patella tendon. However taken in isolation these factors have not been associated with patella tendinopathy.
As identified by Huberti the patella should be viewed as a lever with a fulcrum that moves pending the degree of knee flexion, being mechanically advantageous for the quadriceps tendon in extension and the patella tendon in flexion. 38 Attempts to identify intrinsic morphological risk factors should focus on this relationship moving forward. It would be of note if the fulcrum has a mechanically disadvantageous position for the patella tendon in those subjects with patella tendinopathy relative to those athletes without the condition. If this is the case, it would further support the pathogenesis of repetitive overload, and methods to attempt to surgically manipulate this fulcrum position, such as a tibial tubercle osteotomy, could be explored.
SUMMARY
To date intrinsic morphological risk factors of the patella have failed to be identified for patella tendinopathy.
We think this is due to the patella being compared between cohorts based on the known parameters of abnormal alignment associated with patellofemoral pain or dislocation. Biomechanically, the patella should be viewed as a lever in the sagittal plane. The force in the patella tendon is determined by which pole (proximal or distal) of the patella articulates with the femur and the angle of insertion of the patella tendon. A longer lever arm, or a longer moment arm, should decrease the force required through the patella tendon to achieve similar torque. Future studies aimed at identifying morphological intrinsic risk factors should look for differences in the relative lever arm, or moment arm, between patients with the condition compared to those without the condition. Biomechanical studies should look at how procedures could change the biomechanics of the patella tendon by altering the patella tendon to quadriceps tendon force ratio for differing degrees of flexion. For example, a tibial tubercle osteotomy to change the relative articulation point and subsequent lever arm of the patella and patella tendon (distalization) or the moment arm (anteriorization). Subsequent clinical studies should look at the ensuing effect on clinical outcomes that these biomechanical surgical treatment options may provide.
